Dpysl2 (CRMP2) and Dpysl3 (CRMP4) phosphorylation by Cdk5 and DYRK2 is required for proper positioning of Rohon-Beard neurons and neural crest cells during neurulation in zebrafish  by Tanaka, Hideomi et al.
Developmental Biology 370 (2012) 223–236Contents lists available at SciVerse ScienceDirectDevelopmental Biology0012-16
http://d
n Corr
E-mjournal homepage: www.elsevier.com/locate/developmentalbiologyDpysl2 (CRMP2) and Dpysl3 (CRMP4) phosphorylation by Cdk5 and DYRK2
is required for proper positioning of Rohon-Beard neurons and neural crest
cells during neurulation in zebraﬁshHideomi Tanaka a,b, Rii Morimura a, Toshio Ohshima a,n
a Department of Life Science and Medical Bio-Science, Waseda University, 2-2 Wakamatsu-cho, Shinjuku-ku, Tokyo 162 8480, Japan
b Laboratory for Developmental Gene Regulation, RIKEN Brain Science Institute (BSI), 2-1 Hirosawa, Wako, Saitama 351 0198, Japana r t i c l e i n f o
Article history:
Received 8 March 2012
Received in revised form
21 July 2012
Accepted 31 July 2012
Available online 8 August 2012
Keywords:
Dpysl2
CRMP2
Dpysl3
CRMP4
Cdk5
DYRK2
Rohon-Beard
Neural crest
Zebraﬁsh06/$ - see front matter & 2012 Elsevier Inc. A
x.doi.org/10.1016/j.ydbio.2012.07.032
esponding author. Fax: þ81 3 5369 7302.
ail address: ohshima@waseda.jp (T. Ohshima)a b s t r a c t
Dpysl2 (CRMP2) and Dpysl3 (CRMP4) are involved in neuronal polarity and axon elongation in cultured
neurons. These proteins are expressed in various regions of the developing nervous system, but their
roles in vivo are largely unknown. In dpysl2 and dpysl3 double morphants, Rohon-Beard (RB) primary
sensory neurons that were originally located bilaterally along the midline shifted their position to a
more medial location in the dorsal-most part of spinal cord. A similar phenotype was observed in the
cdk5 and dyrk2 double morphants. Dpysl2 and Dpysl3 phosphorylation mimics recovered this
phenotype. Cell transplantation analysis demonstrated that this ectopic RB cell positioning was non-
cell autonomous and correlated with the abnormal position of neural crest cells (NCCs), which also
occupied the dorsal-most part of the spinal cord during the neural rod formation stage. The cell position
of other interneuron and motor neurons within the central nervous system was normal in these
morphants. These results suggest that the phosphorylation of Dpysl2 and Dpysl3 by Cdk5 and DYRK2 is
required for the proper positioning of RB neurons and NCCs during neurulation in zebraﬁsh embryos.
& 2012 Elsevier Inc. All rights reserved.Introduction
Establishing a functional neural circuit in the developing
central nervous system (CNS) requires the generation of many
types of specialized cells and the localization of these cells to the
correct position. In teleost and amphibian embryos, interneurons,
motor neurons, and Rohon-Beard (RB) primary sensory neurons
are generated within the developing spinal cord (Bernhardt et al.,
1990; Cornell and Eisen, 2000). RB neurons arise from the same
precursor cell domain as neural crest cells (NCCs) at the neural
plate border by Delta/Notch signaling (Cornell and Eisen, 2000,
2002; Rossi et al., 2009; Theveneau and Mayor, 2012). As
neurulation proceeds, RB neurons locate bilaterally along the
midline in the extreme dorsal part of the spinal cord, and neural
crest cells occupy the area between each RB neuron on both sides.
NCCs then trigger the epithelial-to-mesenchyme transition (EMT)
and initiate migration to the area where ﬁnal differentiation
occurs (Berndt et al., 2008; Clay and Halloran, 2011; Theveneau
and Mayor, 2012). During this time, RB neurons extend centralll rights reserved.
.axons longitudinally within the spinal cord and peripheral axons
subcutaneously to transmit sensory stimuli to the CNS (Metcalfe
et al., 1990; Ribera and Nusslein-Volhard, 1998; Liu and Halloran,
2005; Tanaka et al., 2011). However, it is unknown how the
position of RB neurons and NCCs are regulated within the
developing spinal cord during neurulation.
In developing embryos, members of the dihydropyrimidinase-
like family (dpysls, also known as collapsin response mediator
proteins or crmps) are expressed in various regions throughout
the central and peripheral nervous systems (Wang and
Strittmatter, 1996; Bretin et al., 2005; Christie et al., 2005;
Schweitzer et al., 2005; Tanaka et al., 2011), suggesting a possible
role for these proteins in neurulation. Members of this family are
cytosolic proteins originally identiﬁed as mediators of Sema3a-
induced growth cone collapse (Goshima et al., 1995; Wang and
Strittmatter, 1996). Cyclin-dependent kinase 5 (Cdk5) and dual-
speciﬁcity tyrosine-phosphorylated and regulated kinase (DYRK2)
both phosphorylate Dpysl2 and Dpysl3 (CRMP2 and CRMP4),
priming these proteins for subsequent phosphorylation by GSK3
(Brown et al., 2004; Uchida et al., 2005; Cole et al., 2006).
Although the phosphorylation of Dpysl2 and Dpysl3 determines
neuronal polarity and promotes axon elongation by regulating
their binding to tubulin heterodimers in cultured hippocampal
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2005; Arimura and Kaibuchi, 2007), and previous our study
demonstrated that the expression of Dpysl3 in RB neurons is
regulated by Isl1, and Dpysl3 is cooperating with Sema3d in the
peripheral axon outgrowth of RB neurons (Tanaka et al., 2011),
the in vivo roles of these proteins in the cell positioning within
spinal cord are largely unknown.
In this study, we investigated the role of dpysl family members
in the developing nervous system by examining the loss-of-
function phenotypes of these genes in zebraﬁsh embryos using
antisense morpholino oligonucleotides (AMOs). Here, we show
that RB neurons, which are normally located bilaterally, shifted
their cell position on the midline in the dpysl2 morphants. This
phenotype was more pronounced in the dpysl2 and dpysl3 double
morphants. A similar phenotype was also observed in the RB
neurons in the cdk5 and dyrk2 double morphants, which could be
recovered by Dpysl2 and Dpysl3 phosphorylation-mimics. Cell
transplantation analysis demonstrated that this ectopic RB
neuron positioning was caused non-cell autonomously and cor-
related with the abnormal position of NCCs within the dorsal part
of the spinal cord. These results suggest that the Cdk5 and DYRK2
phosphorylation of Dpysl2 and Dpysl3 is critical for proper
positioning of RB neurons and NCCs in the dorsal part of the
spinal cord.Materials and methods
Animals
Zebraﬁsh (Danio rerio) were maintained according to standard
procedures (Westerﬁeld, 2007). Zebraﬁsh embryos were staged at
28.5 1C according to Kimmel et al. (1995). The Tg (CREST2-
hsp70:GFP)rw011b transgenic zebraﬁsh is derived from the RIKEN
Wako (RW) wild-type strain (Uemura et al., 2005; Tanaka et al.,
2011). This strain was obtained from the National BioResource
Project of Japan (http://www.shigen.nig.ac.jp/zebra/index_en.
html) (Okamoto and Ishioka, 2010). To prevent pigmentation,
embryos were raised in ﬁsh water containing 0.003% N-phe-
nylthiourea (PTU, Nacalai Tesque, Kyoto, Japan) from 12 hour
post fertilization (hpf) (Westerﬁeld, 2007).
cDNA cloning
Total RNA extraction, cDNA synthesis and RT-PCR were performed
according to previously described methods (Tanaka et al., 2007).
Following primer sets were used to amplify coding sequence from
cDNA of 28-hpf zebraﬁsh embryos: dpysl2 sense: 50–AAGATGTCT-
GGCTATCAGGGCAAG-30 and antisense: 50–TTAGCCCAGGCTGGTGAT-
GTTGGC-30, dpysl3 sense: 50–CAACTAACCATGTCTTACCAAGGC-30 and
antisense: 50- TTAACTGAGGGAGGTGATGTTGGAG-30, cdk5 sense:
50–CTCTCTTCATGTTGCGTACT -30 and antisense: 50–GGTGGTCCCTCT-
ATCCTATG-30, dyrk2 sense: 50–CAGCGGCCATGTTAACTAAGAAACCCT-
30 and antisense: 50–ATTCAGCTGACTAATTTTGGCAACACTGTC-30.
Antisense morpholino oligonucleotides and mRNA injections
Antisense morpholino oligonucleotides (AMOs) (Gene Tools,
Philomath, OR) were designed as follows. Dpysl2 and dyrk2 AMOs
which target the ﬁrst initiation codons of dpysl2 and dyrk2: dpysl2
AMO, 50–CTTCTTGCCCTGATAGCCAGACATC-30; and dyrk2 AMO,
50–CAGCGCAGGGTTTCTTAGTTAACAT-30 (the translation initiation
codon is underlined). Dpysl3 splicing-block AMO which target the
exon1 / intron1 boundary of dpysl3: dpysl3 splicing-block AMO,
50–ATAAATGCACGGACTTACAGTGATC-30. Dpysl2 splicing-blockAMO, dpysl3 and cdk5 AMOs have been previously described
(Leung et al., 2008; O0Brien et al., 2009; Tanaka et al., 2011).
To avoid translation inhibition by AMOs in rescue experiments
of the dpysl2 and dpysl3 morphants by dpysl2 or dpysl3 mRNAs,
the third nucleotides of the codons (indicated below by lower-
case) within the target sequence of AMOs were substituted
without amino acid substitution by using the Quick Change
Lightning Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA). The 50 sequence of AMO-resistant dpyslwas 50-GATGTCcGGg-
TATCAaGGgAAaAAG-30 (the translation initiation codon is under-
lined) and AMO-resistant dpysl3 was previously described
(Tanaka et al., 2011).
To generate Ala- or Asp-substituted mutant Dpysl2 and Dpysl3
(Dpysl2T515A, S519A, Dpysl2S523A, Dpysl3T514A, S518A, Dpysl3S522A,
Dpysl2T515D, S519D, Dpysl2S523D, Dpysl3T514D, S518D, and
Dpysl3S522D), the corresponding sequences within AMO-
resistant dpysl2 or AMO-resistant dpysl3 were substituted using
the Quick Change Lightning Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). All mRNAs for rescue experiments
were synthesized using the mMessage mMachine Kit (Ambion,
Austin, TX).
Approximately 1 nl of AMOs (1 mg/ml dpysl2AMO, 5 mg/ml
dpysl3AMO, 0.5 mg/ml cdk5 AMO, or 0.5 mg/ml dyrk2 AMO) were
injected into 1-to-2-cell-stage embryos, as described previously
(Nasevicius and Ekker, 2000). For rescue experiments, 10 ng/ml of
the above-described AMO-resistant mRNAs were co-injected with
the corresponding AMOs.
Histology
To prepare frozen sections, 28-hourpost-fertilization (hpf)-
embryos ﬁxed in 4% paraformaldehyde (PFA; Wako, Tokyo, Japan)
were soaked in 20% sucrose at 4 1C overnight and embedded in an
embedding solution (20% sucrose ¼2:1, Tissue-Tek O.C.T. com-
pound; Sakura Finetek Japan, Tokyo, Japan). Sections of 14-mm
thickness were cut using a cryostat (Cryocut1800; Leica, Wetzlar,
Germany).
In situ hybridization , immunohistochemistry, membrane staining
In situ hybridization was performed as described previously
(Westerﬁeld, 2007, Lauter et al., 2011) with some modiﬁcations
by using antisense riboprobes for zebraﬁsh dpysl2, dpysl3, cdk5,
dyrk2, isl1, nkx6.1, iro3, lim1, gdf6a, sox10, and crestin. Immuno-
histochemistry was performed according to a previously
described method (Tanaka et al., 2007, 2011). For the primary
antibody, mouse anti-acetylated a-tubulin (1:2000; Sigma-
Aldrich, St. Louis, MO), rabbit anti-sox10 (1:200; AnaSpec, Fre-
mont, CA), and rabbit anti-GFP (1:100; Santa Cruz, Santa Cruz, CA)
were used. Antibodies were visualized with the corresponding
Alexa-532-conjugated secondary antibodies (1:500; Invitrogen,
Carlsbad, CA) and Histoﬁne Simple Stain MAX PO (M) (Nichirei,
Tokyo, Japan). Hoechst 33258 was used for nuclear staining
(1:500; Dojindo, Kumamoto, Japan). 5 mM BODIPY FL C5-ceramide
complexed to BSA (Invitrogen, Carlsbad, CA) was used for cell
membrane staining.
Cell transplantation
Cell transplantation between the wild type embryos and the
dpysl2 or dpysl3 morphant embryos was performed, according to
previously reported methods (Moens et al., 1996) with some
modiﬁcations. Donor embryos were labeled with rhodamine-
dextran (Product No. D-1817, Mr10, 000; Molecular Probe) at
1- or 2-cell stage. RB neurons in double morphant embryos were
visualized by using the Tg (CREST2-hsp70: GFP)rw011b transgenic
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body (see above). Approximately 5–20 labeled donor cells were
transplanted into the unlabeled host embryo at the shield stage.
The distribution of the transplanted RB neurons was examined at
28 hpf.Quantiﬁcation
To quantify the position of the RB neurons within the spinal
cord, 28 hpf embryos were stained with anti-acetylated a-tubulin
antibody as described above, and the cell bodies of the RB
neurons located in the 10–15 somite level were captured at
dorsal view by using a BX50 compound microscope with UPlan-
SApo 40 (NA¼0.95) objectives and a DP70 digital camera
(Olympus, Tokyo, Japan). In the images obtained, we counted
the number of RB neurons in the midline region. We used a 2-
tailed paired Student’s t test for statistical analysis. Data are
expressed as mean 7 SEM.Microscopy and imaging
For conventional light microscopy, we used a BX50 microscope
(Olympus) with UPlanApo 20 (NA¼0.70), UPlanSApo
40 (NA¼0.95), and UPlanFLN 60 (NA¼0.90) objectives. For
ﬂuorescent microscopy, we used a FV1000 confocal laser scanning
microscope (Olympus) with UPlanSApo 20 (NA¼0.75) and
UPlanSApo 40 (NA¼0.90) objectives and a Zeiss LSM510 laser
scanning confocal microscope with Achroplan 20 (NA¼0.50)
water immersion objective lens. Obtained images were processed
using Adobe Photoshop and Adobe Illustrator.Results
Dpysl2 and dpysl3 loss of function caused abnormal positioning
of RB neurons in the dorsal part of the spinal cord
Six members of the dpysl family (dpysl1–5a, 5b) are present in
zebraﬁsh (Christie et al., 2005; Schweitzer et al., 2005). In 12 hour
post fertilization (hpf) embryos, strong expression of dpysl2 was
observed in anterior part of neural plate, and weak expression of
dpysl2 and dpysl3 were observed in border and medial part of
neural plate (Fig. 1A, B, E, F). In 28 hpf embryos, weak expression
of dpysl2 and dpysl3 were continued within the spinal cord, and
speciﬁc expression of these genes were observed in the RB
primary sensory neurons (Fig. 1C, D, G, H, arrow heads). To
investigate the role of dpysl2 and dpysl3 in the developing
embryos, loss-of-function phenotypes for both genes were exam-
ined at 28 hpf by injection of antisense morpholino oligonucleo-
tides (AMO, 1 mg/ml of dpysl2 AMO and 5 mg/ml of dpysl3 AMO)
into 1-to-2-cell stage embryos. In both morphants, RB neurons,
which originally locate bilaterally, shifted their position to the
midline (Fig. 1I–L). In wild-type embryos, only 18.7% (n¼128) of
RB neurons were on the midline at 28 hpf (Fig. 1E, M), while 54.7%
(n¼139) and 38.6% (n¼101) of RB neurons were located on the
midline in the dpysl2 (Fig. 1J, M) and dpysl3 morphants, respec-
tively (Fig. 1K, M). In the dpysl2 and dpysl3 double morphants,
79.8% (n¼144) of RB neurons were located on the midline
(Fig. 1L, M). Similar phenotypes were also observed in the
embryos injected with splicing-block–type dpysl2 or dpysl3 AMOs
(Supplementary Fig. 1). Total numbers of RB neurons were not
changed in each morphant (Fig. 1N). These results suggest that
dpysl2 and dpysl3 are involved in the positioning of RB neurons in
the dorsal part of the spinal cord.Inhibition of Dpysl2 and Dpysl3 phosphorylation caused abnormal
positioning of RB neurons
Numerous studies have demonstrated that serine/threonine
kinase phosphorylation of Dpysl proteins is critical for their
function (Arimura et al., 2000; Gu and Ihara, 2000; Brown et al.,
2004; Uchida et al., 2005; Yoshimura et al., 2005; Cole et al.,
2006). To address the effect of Dpysl2 and Dpysl3 phosphoryla-
tion in the positioning of RB neurons, several dpysl2 and dpysl3
non-phosphorylated mutants were generated in which known
serine/threonine phosphorylation sites were substituted with Ala
(Dpysl2: S522A, T514A/S518A, and Dpysl3: S523A, T515A/S519A).
As a result, these mutants were incapable of being phosphory-
lated by kinases such as Cdk5, DYRK2, and GSK3. To avoid
translation inhibition by AMOs, the mutant mRNAs also had
substitutions for 5 of the third codon nucleotides within the
AMO target sequences without amino acid substitution (5-mis
mRNA, see Materials and Methods). Using these 5-mis-mutant
mRNAs, rescue experiments were performed for the dpysl2
and dpysl3 morphants (Fig. 2). When 1 mg/ml of dpysl2 AMO was
co-injected with 10 ng/ml of 5-mis wild-type dpysl2 mRNA, the
percentage of RB neurons on the midline was reduced from 54.7%
to 33.3% (n¼132) (Fig. 2A, G). However, when 1 mg/ml of dpysl2
AMO was co-injected with 10 ng/ml of 5-mis dpysl2 S522A or
5-mis dpysl2 T514A/S518A mRNAs, most RB neurons remained on
the midline (52.8%, n¼138; 57.1%, n¼154) (Fig. 2B, C, G).
Similarly, when 5 mg/ml of dpysl3 AMO was co-injected with
10 ng/ml of 5-mis wild-type dpysl3 mRNA, the percentage of RB
neurons on the midline was reduced from 38.6% (n¼101) to 20.3%
(n¼157) (Fig. 2D, G). Interestingly, when 5 mg/ml of dpysl3 AMO
was co-injected with 10 ng/ml of 5-mis dpysl3 S523A or 5-mis
dpysl3 T515A/S519A mRNAs, the position of RB neurons was
severely perturbed, and the percentage of RB neurons on the
midline was signiﬁcantly increased compared to that of the
normal dpysl3 mRNA-injected embryos (48.3%, n¼174; 47.1%,
n¼140) (Fig. 2E, F, G). These results indicate that phosphorylation
of Dpysl2 and Dpysl3 by serine/threonine kinases plays an
important role in the positioning of RB neurons in the developing
spinal cord.Cdk5 and dyrk2 loss-of-function caused abnormal positioning
of RB neurons in the dorsal part of the spinal cord
The Cdk5 serine/threonine kinase phosphorylates Dpysl2 and
Dpysl3 at S522, priming these proteins for subsequent phosphor-
ylation at T509, T514, and S518 by GSK3 (Brown et al., 2004;
Uchida et al., 2005; Yoshimura et al., 2005; Cole et al., 2006).
Another priming kinase of Dpysl3 is DYRK2 (Cole et al., 2006).
In 12 hpf embryos, both cdk5 and dyrk2 genes were ubiquitously
expressed in the CNS (Fig. 3A, B, D, E); however, the expression of
both genes in the spinal cord was restricted close to the midline at
28 hpf (Fig. 3C, F). To address the roles of Cdk5 and DYRK2 in the
positioning of RB neurons, loss-of-function phenotypes of both
genes were examined at 28 hpf by injecting AMOs (0.5 mg/ml of
cdk5 AMO and 0.5 mg/ml of dyrk2 AMO) into 1-to-2-cell stage
embryos (Fig. 3G–K). In the cdk5 morphants, 51.1% (n¼133) of RB
neurons were located on the midline (Fig. 3G, J). Likewise, 43.7%
(n¼135) of RB neurons were located on the midline in the dyrk2
morphants (Fig. 3H, J). Interestingly, in the cdk5 and dyrk2 double
morphants, 73% (n¼126) of RB neurons were aligned on
the midline, similar to the dyrk2 and dyrk3 double morphants
(Fig. 3I, J). Total numbers of RB neurons were not changed in each
morphant (Fig. 3K). These results suggest that Cdk5 and DYRK2
work together with Dyrk2 and Dyrk3 in the positioning of RB
neurons.
Fig. 1. Loss of function of dpysl2 and dpysl3 inhibited the proper positioning of Rohon-Beard neurons in the dorsal part of the spinal cord. (A–H) Gene expression pattern of
dpysl2 (A–D) and dpsyl3 (E–H) at 12 hpf (A, B, E, F) and at 28 hpf (C, D, G, H). Lateral view, anterior left (A, C, E, G) and dorsal view, anterior top (B, D, F, H). Arrowheads in C,
D, G, H indicate RB neurons. (I–L) The position of RB neurons in the dorsal spinal cord in the wild-type (I) and the morphants (J–L) at 28 hpf. Dorsal view, anterior top. In the
morphants, the position of RB neurons shifted medially compare to the wild-type embryos. (M, N) Quantitative data for the percentage of RB neurons on the midline (M),
and total nomber of RB neurons within 3 segments (N). Data are mean 7 SEM; nnPo0.01, nnnPo0.001, different from the wild-type embryos using 2-tailed paired
Student’s t-test.
H. Tanaka et al. / Developmental Biology 370 (2012) 223–236226Abnormal positioning of RB neurons caused by cdk5 and
dyrk2 loss-of-function was rescued by Dpysl2 and Dpysl3
phosphorylation mimics
To address whether Dpysl2 and Dpysl3 function downstream
of Cdk5 and DYRK2, rescue experiments were performed in the
cdk5 and dyrk2 double morphants. Phosphorylation mimic
mutants of dpysl2 and dpysl3, in which known Cdk5- and
DYRK2-priming phosphorylation sites and subsequent GSK3
phosphorylation sites were substituted with Asp (Dpysl2:
S522D, T514D/S518D, Dpysl3: S523D, T515D/S519D), were used
to perform the rescue experiments (Fig. 4). When 0.5 mg/ml of
cdk5 AMO and 0.5 mg/ml of dyrk2 AMO were co-injected with
10 ng/ml of 5-mis wild-type dpysl2 mRNA or 10 ng/ml of 5-mis
wild-type dpysl3 mRNA, most RB neurons remained on the mid-
line (58.2%, n¼158; 57.7%, n¼180) (Fig. 4A, D). However, when
0.5 mg/ml of cdk5 AMO and 0.5 mg/ml of dyrk2 AMO were
co-injected with 10 ng/ml of 5-mis dpysl2 S522D or 5-mis dpysl2
T514D/S518D mRNA, a signiﬁcant reduction in the percentage of
RB neurons located on the midline was observed (29.9%, n¼167;
40.6%, n¼150) (Fig. 4B, C, G). Furthermore, when 0.5 mg/ml of cdk5
AMO and 0.5 mg/ml of dyrk2 AMO were co-injected with 10 ng/mlof 5-mis dpysl3 S522D or 5-mis dpysl3 T515D/S519D mRNA,
similar recovery of the position of RB neurons was observed
(48.2%, n¼174; 46.9%, n¼181) (Fig. 4E–G). These results indicate
that Dpysl2 and Dpysl3 work as the downstream effecter proteins
of Cdk5 and DYRK2 in the positioning of RB neurons.
Loss of function of cdk5, dyrk2, dpysl2, and dpysl3 speciﬁcally
affected the patterning of the dorsal-most part of the spinal cord
To address whether cdk5, dyrk2, dpysl2, and dpysl3 affect not
only the positioning of RB neurons but also the patterning of
other spinal cord regions, the expression patterns of several spinal
cord marker genes such as nkx6.1, iro3, lim1, and wnt1 were
examined in the morphants at 28 hpf (Fig. 5). In the wild-type
embryos, nkx6.1 was expressed in the ventral part, and iro3
was expressed in the middle to dorsal part of the spinal cord
(Fig. 5A, D). In contrast, Lim1 was expressed in the dorsally
located interneurons (Fig. 5G), and Wnt1 was expressed in the
dorsal-most part of the spinal cord around the midline (Fig. 5J).
In the dpysl2 and dpysl3 double morphants, the expressions of
nkx6.1, iro3, and lim1 were the similar to those of the wild-type
embryos (Fig. 5B, E, H), while the expression of wnt1 was
Fig. 2. The inhibition of phosphorylation of Dpysl2 and Dpysl3 caused the abnormal positioning of Rohon-Beard neurons. (A–F) The position of RB neurons in the dpysl2
morphants (A–C) and the dpysl3 morphants (D–F) which were co-injected with various AMO-resistant (5-mis) mRNAs at 28 hpf. Dorsal view, anterior top. The morphants
which co-injected with mutant mRNAs showed severe positioning defects in RB neurons (B, C, E, F) compare to the normal mRNA co-injected morphants (A, D).
(G) Quantitative data for the percentage of RB neurons on the midline. Data are mean 7 SEM; nnPo0.01, nnnPo0.001, different from the normal mRNA co-injected
morphants using 2-tailed paired Student’s t-test.
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cdk5 and dyrk2 double morphants (Fig. 5C, F, I, L).
To address the midline structure in the most dorsal part of
spinal cord, we made cross section and examined the expression
of known roof plate markers, wnt1 and gdf6a (Elsen, et al.,
2008)(Fig. 6A–L). In the wild-type embryos, expression of wnt1
and gdf6a were restricted in the most dorsal part of midline
(Fig. 6A, B, G, H, arrow heads). However, in the dpysl2 and dpysl3double morphants, expressions of both genes were broader
compare to the wild-type embryos (Fig. 6C, D, I, J, arrow heads).
A similar phenotype was also observed in the cdk5 and dyrk2
double morphants (Fig. 6E, F, K, L, arrow heads).
To address the midline structure in the dorsal spinal cord, we
stained embryos with BODIPY FL C5-ceramide and visualized cell
membrane (Fig. 6M–R). In the wild-type embryos, clear boundary
structure was observed in the most dorsal part of spinal cord
Fig. 3. Loss of function of cdk5 and dyrk2 inhibited the proper positioning of Rohon-Beard neuron in the dorsal part of the spinal cord. (A–D) Gene expression pattern of
cdk5 (A–C) and dyrk2 (D–F) at 12 hpf (A, B, D, E) and at 28 hpf (C, F). Lateral view, anterior left (A, D) and dorsal view, anterior top (B, C, E, F). (G–I) The position of RB
neurons in the dorsal spinal cord of each morphant at 28 hpf. Dorsal view, anterior top. In the morphants, the position of RB neurons shifted medially compare to the wild-
type embryos (see Fig. 1I). (J, K) Quantitative data for the percentage of RB neurons on the midline (J), and total nomber of RB neurons within 3 segments (K). Data are
mean 7 SEM; nnnPo0.001, different from the wild-type embryos using 2-tailed paired Student’s t-test.
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Fig. 4. The abnormal position of Rohon-Beard neurons caused by loss of function of cdk5 and dyrk2 was rescued by phosphorylation-mimic forms of Dpysl2 and Dpysl3.
(A–F) The position of RB neurons in the cdk5 and dyrk2 double morphants which co-injected with normal AMO-resistant (5-mis) dpysl2 or dpysl3 mRNAs (A, D) or with
phosphorylation-mimic forms of dpysl2 or dpysl3 mRNAs (B, C, E, F) at 28 hpf. Dorsal view, anterior top. The morphants which co-injected with normal mRNAs showed
severe positioning defects in RB neurons (A, D), however, phosphorylation-mimic forms of dpysl2 or dpysl3 mRNAs injected morphants partially recovered their
phenotypes (B, C, E, F). (G) Quantitative data for the percentage of RB neurons on the midline. Data are mean 7 SEM; nPo0.05, nnPo0.01, nnnP o 0.001, different from the
normal mRNA co-injected morphants using 2-tailed paired Student’s t-test.
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in both double morphants (Fig. 6O, Q). In the middle part of spinal
cord, apical surface is clearly observed in both morphants like the
wild-type embryos (Fig. 6N, P, R, yellow arrow heads).
To address whether the abnormal position observed in the
cdk5, dyrk2, dpysl2, and dpys3morphants is speciﬁc to RB neurons,
the position of the interneurons and the primary motor neurons
were examined in the double morphants at 28 hpf (Fig. 7).To visualize RB neurons and the interneurons, the Tg (CREST2-
hsp70:GFP)rw011b transgenic strain was used, and the primary
motor neurons were labeled with the SV2 antibody. In the wild-
type embryos, the interneurons and primary motor neurons were
located bilaterally in the dorsal and ventral parts of the spinal
cord, respectively (Fig. 7A–D). In the cdk5 and dyrk2 double
morphants or the dpysl2 and dpysl3 double morphants, most of
the interneurons and primary motor neurons were located in the
Fig. 5. Loss of function of cdk5, dyrk2, dpysl2, and dpysl3 speciﬁcally affected the patterning of the dorsal-most part of the spinal cord. (A–L) Expression of nkx6.1 (A–C),
iro3 (D–F), lim1 (G–I), and wnt1 (J–L) in the wild-type embryos (A, D, G, J), the dpysl2 and dpysl3 double morphants (B, E, H, K), and the cdk5 and dyrk2 double morphants
(C, F, I, L) at 28 hpf, anterior left (A–I), anterior top (J–L). In the wild-type embryos, nkx6.1, iro3, and lim1 were expressed in the ventral, middle to dorsal, and dorsal part of
the spinal cord, respectively (A, D, G). In the dorsal-most part of the spinal cord, wnt1 was expressed around the midline (J). In the dpysl2 and dpysl3 double morphants or
the cdk5 and dyrk2 double morphants, the expression patterns of nkx6.1, iro3, and lim1 were similar to those of the wild-type embryos (B, C, E, F, H, I). However, the
expression domain of wnt1 was abnormally distributed around the midline (K, L). Brackets in A–I and broken lines in J–L indicate the spinal cord.
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together with the results obtained from the gene expression
analysis, these ﬁndings suggest that Cdk5, DYRK2, Dpysl2, and
Dpys13 speciﬁcally affect the patterning of the dorsal-most part
of the spinal cord.
Dpysl2 and Dpysl3 affected the position of RB neurons in a non-cell
autonomous manner
As mentioned above, dpysl2 and dpysl3 are expressed not only
within RB neurons but also throughout the CNS in developing
embryos (Fig. 1A–H). To address the cell autonomy of Dpysl2 and
Dpysl3 in the determination of RB neuron position, cell trans-
plantation between the wild-type and the dpysl2 or dpysl3
morphant embryos was performed (Fig. 8). When rhodamine
dextran–labeled cells from the wild-type embryos were trans-
planted into the dpysl2 morphant embryos, labeled RB neuronswere observed on the midline (Fig. 8A). Similarly, when rhoda-
mine dextran–labeled wild-type cells were transplanted into the
dpysl3morphant embryos, the position of labeled RB neurons was
the same as in the morphant embryos (Fig. 8B). Conversely, when
rhodamine dextran–labeled cells from the dpysl2 and dpysl3
double morphant were transplanted into the wild-type embryos,
the position of labeled RB neurons was the same as in the wild-
type embryos (Fig. 8C). These results suggest that Dpysl2 and
Dpysl3 affect the position of RB neurons in the spinal cord in a
non-cell autonomous manner.
Cdk5, DYRK2, Dpysl2, and Dpysl3 were involved in cell positioning
during neurulation of the spinal cord but not in the formation
of the proneural domain
RB neurons have been found to arise in the neural plate border,
the ectoderm region between the neural plate and the epidermal
Fig. 7. The position of Rohon-Beard neurons was speciﬁcally affected by loss of function of cdk5, dyrk2, dpysl2 and dpysl3. (A–L) The transverse views of the spinal cord in
the wild-type embryos (A–D), the cdk5 and dyrk2 double morphants (E–H) and the dpysl2 and dpysl3 double morphants (I–L) at 28 hpf, dorsal top. Red arrowheads indicate
RB neurons, blue arrows indicate interneurons and white allows indicate primary motor neurons. Broken lines indicate margin of spinal cord. In the wild-type embryos,
CREST2:GFP-labeled RB neurons and interneurons (A, B), and SV2-labeled primary motor neurons (A, C) were located bilaterally. However, in the cdk5 and dyrk2 double
morphants or the dpysl2 and dpysl3 double morphanst, RB neuron was observed on the midline while other types of neurons were located normally like the wild-type
embryos (E–G, I–K).
Fig. 6. The dorsal midline structure was speciﬁcally affected by loss of function of cdk5, dyrk2, dpysl2 and dpysl3. (A–L) Expression of wnt1 and gdf6a in the wild-type
embryos (A, B, G, H), the dpysl2 and dpysl3 double morphants (C, D, I, J), the cdk5 and dyrk2double morphants (E, F, K, L) at 28 hpf, transverse section, dorsal top, broken
lines indicate margin of spinal cord. In the wild-type embryos, expression ofwnt1 and gdf6awere restricted in the dorsal midline (A, B, G, H, arrow heads), while both genes
expressed broader in the double morphants (C–F, I–L, arrow heads). (M–R) Dorsal view of spinal cord in the wild-type (M, N), the dpysl2 and dpysl3 double morphants
(O, P), the cdk5 and dyrk2double morphants (Q, R) at 28 hpf. RB neurons and other interneurons were visualized using CREST2: GFP transgenic strain. Cell membrane was
visualized using BODIPY-FL C5-ceramide. The dorsal midline border in the wild-type embryos (M, red arrowhead) was not observed in both double morphants (O, Q) while
the apical surface in the middle part of spinal cord was normal like the wild-type embryos (N, P, R, yellow arrowheads).
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and form the lateral-most part of the proneural domain. During
neurulation, the position of the RB neurons changes from lateral
to dorsal in the developing spinal cord before bilateral alignment
along the midline in the dorsal part of the spinal cord (Fig. 9A–D).To determine the developmental stage in which the defective
positioning of RB neurons occurs, in situ hybridization was
performed using isl1 as a marker of RB cells in the cdk5 and
dyrk2 morphants or the dpysl2 and dpysl3 morphants from the
5-somite (11–12 hpf) to the 18-somite (18 hpf) stages (Fig. 9E–L).
Fig. 9. cdk5, dyrk2, dpysl2 and dpysl3 were involved in cell position during neurulation of the spinal cord but not in the formation of proneural domain. (A–L) The
distribution of isl1-positive primary neurons in the wild-type embryos (A–D), the cdk5 and dyrk2 double morphants (E–H) and dpsyl2 and dpysl3 double morphants (I–L)
through 5-somite to 18-somite stages, dorsal view, anterior top. Arrows indicate RB neurons, insets show high magniﬁcation views of the spinal cord. In the wild-type
embryos, RB neurons were born in the lateral edge of neural plate and form the proneural domain (A). According to the neural keel and the neural rod formation, they
migrated medially (B, C), and ﬁnally, they aligned bilaterally along the midline (D). In the double morphants, the proneural domains were normally formed (E, I). However,
during the neurulation, RB neurons overshot their original position and some of them were reached to the midline (G, H, K, L).
Fig. 8. Dpysl2 and Dpysl3 non-cell autonomously affected the position of Rohon-Beard neurons. (A, B) The distribution of the transplanted wild-type RB neurons in the
dpysl2 or dpysl3 morphants at 28 hpf, dorsal view, anterior top. In the dpysl2 morphant, the rhodamine dextran–labeled wild-type RB neurons were observed close to the
midline (A, arrows). Similarly, in the dpysl3 morphant, the transplanted wild-type RB neurons were located in the relatively medial region, similar to those observed in the
host morphant (B, arrow). (C) The distribution of the transplanted dpysl2 and dpysl3 morphant RB neurons in the wild-type embryos at 28 hpf, dorsal view, anterior top.
The transplanted morphant RB neurons were located in the lateral part of the spinal cord, similar to those observed in the host embryos (C, arrow). Broken lines indicate
the margin of the spinal cord.
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formed normally in both morphants, unlike in wild-type embryos
(Fig. 9A, E, I). However, at the 14- and 18-somite stages, a
signiﬁcant number of RB neurons overshot their normal position
and reached the midline in both morphants (Fig. 9G, H, K, L).
These results indicate that Cdk5, DYRK2, Dpysl2, and Dpysl3
become involved relatively late in the neurulation process in
the developing spinal cord and are not involved in the induction
of the proneural domain.
Cdk5, DYRK2, Dpysl2, and Dpysl3 were involved in the positioning
of neural crest cells during neurulation
RB neurons and NCCs are generated from the same proneural
domain, which is located in the neural plate border (Cornell andEisen, 2000, 2002; Rossi et al., 2009; Theveneau and Mayor,
2012), and then occupy the dorsal-most part of spinal cord during
neurulation. These observations suggest that NCCs are a strong
candidate for the cells that affect the positioning of RB neurons
during neurulation. To address whether cdk5, dyrk2, dpysl2, and
dpysl3 affect the distribution of NCCs during neurulation, NCC
distribution was examined in the dpysl2 and dpysl3 double
morphants or the cdk5 and dyrk2 double morphants at the
8-, 14-, and 18-somite stages by in situ hybridization using sox10
and crestin as markers (Luo et al., 2001; Olesnicky et al., 2010). NCCs
occupied the dorsal part of the anterior spinal cord region through the
8- to 18-somite stage in the wild-type embryos (Fig. 10A–F). After the
18-somite stage, NCCs started to move laterally and then migrate to
the outside of the spinal cord (Fig. 10S–X). In the dpysl2 and dpysl3
double morphants, NCCs also occupied the whole spinal cord region
Fig. 10. Cdk5, dyrk2, dpysl2, and dpysl3were involved in the positioning of neural crest cells during neurulation of the spinal cord. (A–R) The expression of sox10 and crestin
in the anterior part of the dorsal spinal cord in wild-type embryos (A–F), the dpysl2 and dpysl3 double morphants (G–L), and the cdk5 and dyrk2 double morphants (M–R)
at 8- to 18-somite stages. In wild-type embryos, the sox10-positive or the crestin-positive NCCs distributed over the entire dorsal part of the spinal cord through the
8- to 18-somite stages (A–F). In the dpysl2 and dpysl3 double morphants, the sox10-positive or the crestin-positive NCCs also distributed throughout the dorsal part of the
spinal cord at the 8-somite stage (G, H). However, at the 14- and 18-somite stages, the number of NCCs was reduced in the medial part of the spinal cord (I–L, surrounded
by yellow line). Similarly, in the cdk5 and dyrk2 double morphants, a signiﬁcant reduction in the number of NCCs was also observed in the medial part of the spinal cord
(O–R, surrounded by yellow line). (S–X) Distribution of SOX-10-positive NCCs (arrow heads) along the axons of caudal primary motor neurons (CaP) in the wild-type
embryos (S, V), the dpysl2 and dpysl3 double morphants (T, W), and the cdk5 and dyrk2 double morphants (U, X) at 36 hpf.
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the lateral edge of the spinal cord before the 14-somite stage,
resulting in a broad NCC-free area in the dorsal part of the spinal
cord (Fig. 10I–L). Similar abnormal NCC behavior within the spinal
cord was also observed in the cdk5 and dyrk2 double morphants
(Fig. 10M–R). However, after migrate to the out side of the spinal
cord, NCCs behavior was normal like wild-type embryos (Fig. 10M–R,
arrow heads). These results suggest that Cdk5, DYRK2, Dpysl2, and
Dpysl3 are involved in NCC behavior within the dorsal part of the
spinal cord during neurulation.Discussion
In this study, we demonstrated a novel role for Dpysl2 and
Dpysl3 in the positioning of RB neurons and NCCs in the dorsal
part of the spinal cord during neurulation. RB neurons that wereoriginally observed bilaterally shifted their position on the mid-
line, and NCCs, which occupy a whole region of the dorsal spinal
cord, abnormally moved to the lateral edge of the spinal cord in
the dpysl2 and dpysl3 double morphants and the cdk5 and dyrk2
double morphants. Rescue experiments showed that the
phospho-mimic forms of Dpysl2 and Dpysl3 recovered the cdk5
and dyrk2 double morphant phenotype, suggesting that phos-
phorylation of Dpysl2 and Dpysl3 by Cdk5 and DYRK2 is required
for the proper positioning of RB neurons and NCCs in the
developing spinal cord.
Dpysls-dependent positioning of RB neurons and NCCs is independent
from the BMP signaling pathway
RB neurons and NCCs are generated from the same ectoderm
domain located in the neural plate border (Cornell and Eisen, 2000,
2002). RB neurons are differentiated by the Delta/Notch signaling
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delamination and EMT before migrating to the outside of the spinal
cord. In zebraﬁsh, BMP signaling is required for the induction of the
neural plate border (Barth et al., 1999; Nguyen et al., 2000; Rossi
et al., 2009; Olesnicky et al., 2010). In the swr/bmp2b and snh/bmp7
mutant embryos, RB neurons and NCCs are defective, and the
induction of lim1þ interneurons is affected (Nguyen et al., 2000). In
narrowminded/prdm1 mutant embryos, the generation of both RB
neurons and NCCs are speciﬁcally defective, and the expression of
prdm1 is also downregulated in the swr/bmp2b and snh/bmp7mutant
embryos (Artinger et al., 1999; Hernandez-Lagunas et al., 2005).
However, in the proneural domains in the neural plate border, lim1þ
interneurons formed normally in both the dpysl2 and dpysl3 double
morphants and the cdk5 and dyrk2 double morphants (Fig. 5G–I, 8E,
I). These results suggest that dpysl2 and dpysl3 are not involved in the
BMP-dependent signaling pathway.
In both double morphants, the position of RB neurons, NCCs,
and roof plate (RP) cells, which occupies dorsal most part of spinal
cord is speciﬁcally affected (Figs. 5–7). One possible explanation
is dorso-ventral patterning is perturbed in the double morphants.
However, BMP-dependent signaling, which plays pivotal role in
the induction of dorsal structures of spinal cord is normally
function in both double morphants. Several studies about cell
linage of NCCs in chick embryos suggest that premigratory NCCs
and RP cells share common progenitors (Bronner-Fraser and
Fraser, 1988, 1989; Chizhikov and Millen, 2004; Krispin et al.,
2010a, b). Krispin et al. demonstrated that the prospective RP cells
are formed ventral to the melanocyte progenitors, and reach to
the dorsal midline after completion of other NCCs emigration
from spinal cord (Krispin et al., 2010a). In zebraﬁsh, such common
NCCs progenitors are not reported, while migration of NCCs from
dorsal spinal cord in a stereotypic order is also demonstrated
(Raible et al., 1992; Raible and Eisen 1994). According to these
observations, we thought that the disruption of function of Dpysls
affects the motility of all premigratory NCCs including RP cells
within the dorsal part of spinal cord.
Dpysls phosphorylation by Cdk5 and DYRK2 is required for the proper
positioning of RB neurons and NCCs motility
In dpysl2 and dpysl3 double morphants and cdk5 and dyrk2
double morphants, the abnormal positioning of RB neurons
and NCCs was ﬁrst observed during neurulation (Fig. 9 G, H, K,
L, 10I–L, 10O–R). In this stage, NCCs abnormally moved to
the lateral edge of the spinal cord, and a signiﬁcant number of
isl1-positive RB neurons overshot their normal cell position
and reached the midline, which is normally occupied by NCCs
(Fig. 10A–F). Cell transplantation analysis demonstrated that
Dpysls non-cell autonomously affect RB neurons (Fig. 8), suggest-
ing that NCCs are a key factor for proper cell positioning of RB
neurons. NCCs undergo dynamic cell migration from the dorsal
spinal cord to their ﬁnal destination outside of the spinal cord. In
the initial phase of migration, NCCs cease moving by maintaining
contact with other NCCs within the dorsal spinal cord for several
hours (Fig. 10A–F). Recent time-lapse imaging analysis of NCC
production in the hindbrain region demonstrated that delamina-
tion of NCCs occurs from the 8- to 20-somite stages prior to their
directed migration from the lateral edge of the spinal cord (Berndt
et al., 2008). To achieve such directed migration, NCCs must be
polarized with cell protrusions biased to the leading edge (Clay
and Halloran, 2011).
Contact inhibition of locomotion (CIL) is one possible explanation
for this phenomenon (Carmona-Fontaine et al., 2008; Mayor and
Carmona-Fontaine, 2010; Theveneau and Mayor, 2012). CIL occurs
when a cell ceases its continuous movement in the same direction
after contact with other cells. When contact inhibition occurs, RhoAactivity increases on the contact side of the cell, resulting in the
inhibition of Rac1 activity on that side. Since Rac1 activity is
required for actin polymerization and formation of the lamellipo-
dium necessary for cell migration, directed migration of the contact
side is stopped (Theveneau and Mayor, 2012). A large number of
reports have demonstrated that phosphorylation is one of the key
factors regulating the function of Dpysls in neuronal polarity and
axon elongation (Arimura, et al., 2000; Fukata, et al., 2002; Brown
et al., 2004; Jiang et al., 2005; Uchida et al., 2005; Yoshimura et al.,
2005; Cole et al., 2006). The priming phosphorylation of Dpysl2 by
Cdk5 and subsequent phosphorylation by GSK3 is the best-studied
mechanism. Dpysl2 can bind to tubulin heterodimers and promote
microtubule assembly; the inhibition of this binding by GSK3-
mediated phosphorylation of Dpysl2 results in growth cone collapse
(Fukata et al., 2002, Yoshimura et al., 2005). Recently, Namekata
et al. demonstrated that the GSK3-dependent phosphorylation of
Dpysl2 is regulated by Dock3, a member of the guanine nucleotide
exchange factors (GEFs). Dock3 and Rac1 complex binds and
phosphorylates GSK3b, then affects phosphorylation of Dpysl2
(Namekata et al., 2012). This result suggests that Dpysls are down-
stream effectors of Rac1-dependent signaling. Phosphorylation of
Dpysl2 by Rho kinase (ROCK) also switches RhoA and Rac1 mor-
phology in cultured neuroblastoma cells (Hall et al., 2001), and in
the zebraﬁsh embryos, ROCK activity inhibits NCC EMT in vivo
(Berndt et al., 2008). These studies demonstrated that phosphoryla-
tion of Dpysls plays pivotal role under RhoA and Rac1-dependent
signaling. Based on this evidence, we predict that the proportion of
phosphorylated Dpysls by Cdk5 and DYRK2 is also important factors
in the regulation of NCC motility.
Although direct evidence for the relationship between RB
neuron position and NCCs has not demonstrated to date, it seems
likely that a physical interaction between these cells may stabilize
the cell position of RB neurons in the dorsal part of the spinal
cord. Under normal conditions, RB neurons locate in the margin of
the NCC cluster at the 8- to 20-somite stage. However, if most of
these NCCs abnormally migrate to the lateral edge of the spinal
cord, RB neurons must be pushed out to the open space that was
previously occupied by NCCs. Thus, normally the proportion of
phosphorylated Dpysls must be kept at a high level in the NCCs,
which occupied in the medial part of dorsal spinal cord, resulting
in their low motility. The results of the rescue experiments for the
cdk5 and dyrk2 double morphants by phospho-mimic Dpysl2 and
Dpysl3 are consistent with this idea (Fig. 4).
Dpysls are also involved in cell mitotic processes (Gu and
Ihara, 2000; Arimura et al., 2005; Tone et al., 2010). Dpysl2
co-localizes with microtubule bundles in the spindle at the
metaphase and in the midbody at the late telophase in mitotic
cells (Gu and Ihara, 2000; Arimura et al., 2005). Dpysl3 similarly
localizes to spindles in the mitotic cells, and the loss of Dpysl3
causes disruption of chromosomal alignment and mitotic pro-
gression (Tone et al., 2010). Interestingly, a recent report by
Zigman et al. indicated a strong correlation between oriented cell
divisions and neural tube morphogenesis in zebraﬁsh embryos
(Zigman et al., 2011). Their study also showed that Scribble—but
not planar cell polarity (PCP)—pathway components, control
spindle orientation of mitotic cells in the neural keel and that
normal spindle orientation is critical for the formation of the
neural tube lumen in developing zebraﬁsh. These studies suggest
that the contribution of Dpysls in mitotic processes may be
critical in spinal cord formation. However, in both the dpysl2
and dpysl3 double morphants and the cdk5 and dyrk2 double
morphants, severe defects in the apical surface formation, such as
the typical phenotype in the spindle formation-defective
embryos, were not observed (data not shown).
In this study, we demonstrated that phosphorylation of Dpysl2
and Dpysl3 by Cdk5 and DYRK2 is critical to the positioning of the
H. Tanaka et al. / Developmental Biology 370 (2012) 223–236 235RB neurons and NCCs. Dpysls are cytosolic effector proteins with
various upstream regulators (Arimura and Kaibuchi, 2007). There-
fore, further analysis is required to elucidate the upstream
signaling molecules linking Dpysls to RB neurons and NCCs in
the dorsal part of the spinal cord.Acknowledgments
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